Overflow has accumulated millions of answers to various questions. Many of these answers have associated comments that can assist developers. Informative comments can strengthen their associated answers (e.g., providing additional information). Currently, Stack Overflow applies a mechanism to sort all comments under an answer in a descending order by their scores (i.e., up-votes), then by their creation time. This mechanism hides comments that are ranked beyond the top 5. Stack Overflow aims to display more informative comments (i.e., the ones with higher scores) and hide less informative ones using this mechanism. As a result, 4.4 million comments are hidden under their answer threads, possibly including informative comments although they are ranked below the top 5 comments. Therefore, it is very important to understand how well the current comment hiding mechanism works. In this study, we investigate whether the mechanism can effectively deliver informative comments while hiding uninformative comments. We find that: 1) Hidden comments are as informative as displayed comments; more than half of the comments (both hidden and displayed) are informative (e.g., providing alternative answers, or pointing out flaws in their associated answers). 2) The current comment hiding mechanism tends to rank and hide comments based on their creation time instead of their score in most cases due to the large amount of tie-scored comments (e.g., 87% of the comments have 0-score). 3) In 97.3% of answers that have hidden comments, at least one comment is hidden while there is another comment with the same score is displayed (i.e., we refer to such cases as unfairly hidden comments). Among such unfairly hidden comments, the longest unfairly hidden comment is more likely to be informative than the shortest unfairly displayed comments. Our findings suggest that Stack Overflow should consider adjusting their current comment hiding mechanism, e.g., displaying longer unfairly hidden comments to replace shorter unfairly displayed comments. We also recommend that users examine all comments, in case they would miss informative details such as software obsolescence, code error reports, or notices of security vulnerability in hidden comments.
INTRODUCTION
S TACK Overflow is a Q&A platform that is widely used by software developers to find answers to their programming questions. It has over 50 million visitors in a single day 1 . In the archived data provided by Stack Overflow in September 2017, there are 22.7 million answers to questions in various domains related to software development. These answers offer developers with solutions to address their questions. This collection of answers enables developers to learn and share valuable programming knowledge.
An answer creates a starting point for a discussion related to a question. Users can post comments under the answer. We consider that an answer thread is composed of an answer and all the comments under the answer. Comments can provide additional information to support their associated answer, or even point out issues in the answer, such as the obsolescence of answers [1] .
In order to keep each answer thread compact, Stack Overflow implements a comment hiding mechanism to only display the top 5 comments at most. Aiming at displaying the more informative comments and hiding the less infor-mative ones, the mechanism first ranks the comments based on their scores. When multiple comments have the same score, they are then ranked by their creation time. To read the hidden comments, users need to click a link under the last displayed comments. The more comments are posted under an answer, especially those answers that attract large user traffic, the larger the proportion of hidden comments for an answer.
We observe that 4.4 million comments are hidden as of September 2017. As once commented by David Fullerton (the president of Stack Overflow), "if I have to click that link every time just in case there's something useful in the comments, haven't we failed?" 2 . In other words, it is essential for Stack Overflow to display the most useful comments and hide the less useful ones. In addition, hidden comments are not indexed by Google 3 , which also hinders the accessibility to the information in comments for answer seekers. Therefore, it is important to understand what users are actually discussing in both hidden and displayed comments, and how well the comment hiding mechanism works. Does this mechanism, in fact, display the more informative comments and hide the less informative comments as expected? By answering these questions, we wish to provide insights to improve the current comment hiding mechanism to make it easier for developers to retrieve information on Stack Overflow.
In this paper, we study 22.7 million answers and all of their 32.2 million associated comments. We first study whether the displayed comments are more informative than the hidden comments. In other words, is the comment hiding mechanism actually hiding less informative comments? We investigate:
• RQ1: What are the characteristics of both hidden and displayed comments? We find that hidden comments have the same amount of text as displayed comments. Hidden comments have a richer vocabulary and add a greater variety of textual content to their associated answers than that of displayed comments to the same answer.
• RQ2: What do users discuss in hidden and displayed comments? Based on our qualitative study, we find that more than 70% of the comments (both hidden and displayed) are informative for the discussion, such as providing alternative answers, or pointing out flaws for answers.
From the previous qualitative study, we observe that informative comments can be hidden under the current comment hiding mechanism. To further understand the reason for such cases, we perform an empirical analysis to evaluate the efficacy of the comment hiding mechanism by answering the following two RQs:
•
RQ3: How effective is the comment hiding mechanism?
The comment hiding mechanism does not work effectively. Instead of giving priority to highly scored comments, it gives priority to early comments since the comment hiding mechanism fails to consider a very common case: multiple comments may have the same score (i.e., tie-scored comments). More specifically, in 97.3% of the answers that have hidden comments, at least one comment is hidden (i.e., unfairly hidden comment), while other comments with the same score are displayed (i.e., unfairly displayed comments).
• RQ4: What are the characteristics of unfairly hidden comments? Based on our qualitative study, we obverse that the longest unfairly hidden comments are more likely to be informative than the shortest unfairly displayed comments (when the shortest unfairly displayed comments are less than 50 characters).
Based on above findings, we suggest that Stack Overflow enhances their comment hiding mechanism to better handle tie-scored comments which represent 92.9% of hidden comments. Instead of simply ranking comments by their score then their creation time, the mechanism needs to introduce a higher priority for more informative comments. For example, Stack Overflow can replace the shortest unfairly displayed comments with the longest unfairly hidden comments (i.e., with tied score). In addition, we encourage users to read through all comments (including hidden comments) in case any further correction/improvement is made by such comments, such as observations of answer obsolescence, security vulnerabilities, and errors.
Paper Organization: The rest of the paper is organized as follows. Section 2 introduces the background of Stack Overflow's comment hiding mechanism. Section 3 details the dataset used in this study. Section 4 and Section 5 present the case study results. Section 6 discusses our findings and provides actionable suggestions. Section 7 discusses potential threats from our case study. Section 8 surveys prior work related to our study. Finally, Section 9 concludes our study.
BACKGROUND

Commenting on Stack Overflow
Commenting on Q&A websites can lead to more comprehensive discussions which improve the knowledge sharing process [1] - [3] . For example, as shown in Fig. 1 , a user on Stack Overflow posted a comment 4 that pointed out a problem with an existing answer and provided an alternative solution. On Stack Overflow, comments are "temporary 'PostIt' notes left on a question or answer"
5 . As of September 2017, users on Stack Overflow have posted 60.2 million comments under questions or answers, which represents more than the total number of questions and answers together according to the data from Stack Exchange Data Explorer 6 . Note that in this study we refer to comments as the comments that are associated with answers if not specified otherwise since we focus on studying how comments contribute to providing additional values to answers. Comments open up a channel for users to add informative discussions to their associated answers. Highly informative comments can expedite the problem solving process, or add knowledge that is worthwhile to share for a particular answer, such as the observation or update of an obsolete answer by comments [1] . As explained by Jeff Atwood (the co-founder of Stack Overflow), "there are often important clarifications and addendums left as comments that substantially improve the original post"
7 . In addition, Chang et al. note that comments are a first class citizen of a Q&A platform. They can critically improve an answer by providing additional clarifications and refinements to the answer; thus, increasing the overall value of an answer [4] . In Section 4.1, we also observe that comments provide value for various aspects of an answer, such as pointing out errors, making corrections, and providing alternative solutions. Therefore, commenting is an indispensable Stack Overflow feature that leads to improving and ensuring the long-lasting value of crowdsourced knowledge for software developers.
However, uninformative comments could potentially threaten the Stack Overflow community by decreasing the information density of an answer thread (i.e., the compactness of an interface in terms of the amount of information [5] ). If an increasing number of answer threads are filled up with discussions, such as through uninformative comments, users may exhibit difficulty in identifying relevant information.
Therefore, to promote informative comments and avoid uninformative ones, several sorting rules are applied to comments on Stack Overflow. First, comments can only be posted by the following three types of users: the asker, the answerer, and any user with at least 50 reputation points 8 . Stack Overflow also adds a voting system to regulate the quality of comments 9 . Comments can be up-voted, but cannot be down-voted. Thus, the lowest score a comment can have is 0.
In short, commenting is widely used to regulate discussions towards the associated answers. In addition, comments can be as informative as their associated answers to some extent. Thus, in this paper, we study what users actually discuss in comments and characterize the informativeness of comments.
Comment hiding mechanism on Stack Overflow
Initially, Stack Overflow used to hide all comments under answers; however, this rule was abandoned because it hid too much information. As explained by Jeff Atwood that "comments were all locked behind ... information was being lost" 10 . On the other hand, users may find it difficult to locate useful information if all comments were displayed under each answer. The single webpage that contains question, answers, and comments would have an increasing amount of content over time. Hence, users will need to spend more effort and time to read and locate the relevant information.
To have a better balance between displaying all comments and hiding all comments, Stack Overflow has implemented its current comment hiding mechanism to enhance the readability of answer threads. Since 2009 (Stack Overflow was launched in 2008), this comment hiding mechanism only displays the "top 5 comments" 11 for each answer (i.e., displayed comments). Note that if two comments have the same score (i.e., tied score), they will be ranked by their 8 creation time and the earlier created one will be ranked on the top. Additionally, if more than 30 answers are posted for a question, only the comments with +1 or higher scores will be displayed. In other words, by default, users can read at most 5 displayed comments under any answer. Other comments under an answer are hidden (i.e., hidden comments).
Users can click a link saying "show n more comments" to read all comments. An example 12 of an answer thread is shown in Fig. 2 with the displayed comments for the answer and the clickable link. By using the comment hiding mechanism, ideally the comments that do not add additional information to their associated answers are hidden, while the informative comments are displayed. Fig. 2 : An example of an answer with its displayed comments and a link at bottom saying "show 7 more comments". Once a user clicks the link, all comments (including the hidden comments) under the answer will be displayed.
The comment hiding mechanism has been in place for nearly 9 years (as of October 2018) while the Stack Overflow community has expanded significantly since the launch of Stack Overflow. The number of users, answers, and associated comments have increased considerably. More and more users are involved in discussions on Stack Overflow through commenting activities [1] . However, the effectiveness of Stack Overflow's comment hiding mechanism in displaying informative comments and hiding uninformative comments remains unknown. Therefore, we wish to study whether comments (including both hidden and displayed comments) are informative, and we investigate the efficacy of the comment hiding mechanism. Moreover, it is common that developers use search engines to look for solutions to their questions, and many top search results are from Stack Overflow answers. However, hidden comments are not indexed by search engines 13, 14 . As a result, hidden comments get less public attention. It is unknown how the 12 comment hiding mechanism negatively affects developers in locating relevant information. For example, if a user is seeking certain information that is actually from a hidden comment, the comment hiding mechanism would then lead to information loss. In this sense, it is necessary to examine the actual efficacy of the current comment hiding mechanism.
DATA COLLECTION
We download the data dump 15 that was published by Stack Exchange in September 2017. We list the statistics of our studied data in Table 1 . There are 22.7 million answers in this dataset. We focus our study on the answers that have comments (i.e., Answer comment ). 50.3% (i.e., 11.4 million) of all answers are Answer comment , and there are 32.2 million comments associated with these Answer comment . 1.3 million (i.e., 11.4%) of Answer comment are answers that have comments hidden due to the comment hiding mechanism (i.e., Answer hidden ). Under such Answer hidden , 4.4 million (i.e., 40.5%) of the comments are hidden. Note that Answer comment includes both Answer hidden and answers that have comments but none of these comments are hidden (i.e., Answer noHidden ).
In general, Answer hidden are more popular than Answer noHidden on Stack Overflow. More specifically, the median score of Answer hidden is 3.7 times higher than Answer noHidden . Answer hidden attract 30.5% of the viewcounts of all answers across Stack Overflow. The median viewcounts in Answer hidden are 3.2 times larger than the median viewcounts of all answers.
STUDYING WHETHER COMMENTS (INCLUDING BOTH HIDDEN AND DISPLAYED COMMENTS) ARE IN-
FORMATIVE
RQ1: What are the characteristics of both hidden and displayed comments?
Motivation: Stack Overflow uses a comment hiding mechanism to split comments under answers into two groups: hidden and displayed comments. However, it is not clear whether the displayed comments are really more informative than hidden comments as expected. To have a better understanding of hidden and displayed comments, we first conduct a quantitative study to investigate the characteristics of the textual content in both hidden and displayed comments. By knowing this, we can gain insight into the efficacy of the current comment hiding mechanism. 15 . https://archive.org/details/stackexchange Approach: We study the characteristics of both hidden and displayed comments using a quantitative approach that is described in the following two steps.
We first compare the length of hidden comments with that of displayed comments. The length of a comment is measured by the character number of the comment. We use the length of a comment as a baseline metric to reflect how informative a comment is. In each Answer hidden , we calculate the median length (L hidden ) of all hidden comments within the answer, and the median length (L displayed ) of all displayed comments within the same answer. The length of the comment is widely used to characterize the quality of comments in other sites (e.g., MetaFilter and YouTube 16 ). To compare L hidden and L displayed , we define the median length ratio of comments in a pairwise manner as
means that the median length of all hidden comments under an answer is equal to the median length of all displayed comments under the same answer. We also compare L hidden with L displayed using the Wilcoxon signed-rank test and the Cliff's delta test [6] to determine if there is any statistically significant difference between L hidden and L displayed .
Second, to understand whether hidden comments add diverse information to the associated answers compared to their displayed comments, We use the vector space model (VSM) to calculate the textual similarity between the hidden comments and the Answer hidden versus the similarity between the displayed comments and the Answer hidden . VSM is commonly used for measuring the textual similarity between software engineering artifacts. Readers may refer to the prior studies [7] - [12] for more details on VSM.
To apply VSM, we treat each answer as one document, all of its associated hidden comments together as one document, and all of its associated displayed comments together as one document. For each document, we first perform the following common pre-processing steps [8] , [10] : remove HTML tags/URL, split words by punctuation marks, split words using camel cases, convert upper case letters to lower case letters, and remove stop words. We then convert each pre-processed document to a vector, in which the weight of each element of the vector is calculated based on term frequency (i.e., the frequency of the term in the document) and inverse document frequency (i.e., the reciprocal of the number of documents containing the term). Finally, we compute the cosine similarity between answers and their associated comments (hidden and displayed, respectively).
In order to compare the textual similarity between hidden and displayed comments under the same answer, we calculate the cosine similarity in a pairwise manner. 16 . http://ignorethecode.net/blog/2009/09/29/comments size does matter/ In each Answer hidden , we calculate the cosine similarity (S Answer vs. Hidden ) between the answer and all of its associated hidden comments. In the same Answer hidden , we calculate the cosine similarity (S Answer vs. Displayed ) between the answer and all of its associated displayed comments. We define the pairwise cosine similarity ratio as Ratio S = S Answer vs. Displayed / S Answer vs. Hidden . Note that a value of Ratio S > 1 means that, the displayed comments are more similar to their associated answer as compared to that of the hidden comments.
Results: There is no statistically significant difference between hidden and displayed comments in terms of median length. We plot the distribution of Ratio L in Answer hidden (as shown in Fig. 3 ). Ratio L shows a normal distribution with a mean value of 1. Our statistical test results show that there is no statistically significant difference between hidden and displayed comments in terms of length (p-value > 0.05). In the majority of Answer hidden , hidden comments share less semantic similarity with the associated answers than that of displayed comments. The finding may suggest that even though the hidden comments have the same amount of text compared with the displayed comments, the hidden ones have a richer vocabulary and add a greater variety of content than the displayed comments to the associated answers. The distribution of Ratio S is shown in Fig. 4 . In 73.8% of Answer hidden , the cosine similarity between the displayed comments and the associated answers are no less than the cosine similarity between the hidden comments and the associated answers. The Wilcoxon signed-rank test shows a statistically significant difference (p-value < 0.05) for the cosine similarity between displayed comments to their associated answers and hidden comments to their associated answers. The Cliff's delta test also shows that the difference is medium (i.e., -0.39).
©
Hidden comments have the same amount of text as displayed comments. Hidden comments have a richer vocabulary and add a greater variety of textual content to their associated answers than that of displayed comments to the same answer. Pairwise cosine similarity ratio Fig. 4 : The distribution of the pairwise cosine similarity ratio Ratio S . A higher Ratio S indicates that displayed comments are more similar to their associated answer as compared with the hidden comments to the same answer.
RQ2: What do users discuss in hidden and displayed comments?
Motivation: As shown in Section 2, comments can be informative, thus augmenting their associated answers with valuable knowledge. Identifying what users discuss in comments helps us better understand how comments actually augment their associated answers; providing insights for improving the current commenting system.
Approach:
To capture the information that users could obtain from comments, we investigate what users discuss in both hidden and displayed comments. We perform a qualitative study to understand what is discussed in hidden and displayed comments. To do so, we randomly select 384 hidden comments from Answer hidden , and randomly select 384 displayed comments from Answer hidden , in order to obtain a statistically representative sample with a 95% confidence level and a 5% confidence interval [13] . We manually label the category of discussion in each comment. If a comment has multiple sentences, we assign a label for each sentence individually. Therefore, one comment can be assigned with multiple labels because a user may discuss more than one topic in a comment. We perform a lightweight open coding-like process that is similar to Seaman et al. [1] , [14] , [15] to identify the category of topics that are discussed in a comment (i.e., comment category). This process involves 3 phases and is performed by the first two authors (i.e., A1-A2) in this paper:
• Phase I: A1 identifies a draft list of the categories of comments based on a sample of 50 comments from hidden comments and another 50 comments from displayed comments. Then, A1 and A2 use the draft list to label the comments collaboratively, during which the categories are revised and refined.
• Phase II: A1 and A2 independently apply the resulting categories from Phase I to label all 768 comments (i.e., 384 hidden comments and 384 displayed comments). A1 and A2 take notes regarding the deficiency or ambiguity of the already-identified categories for labeling certain comments. Note that new categories are added during this phase if A1 and A2 observe the need for more categories. At the end of this phase, we end up with 7 categories of comments (see Table 2 ). Cohen's kappa [16] is used to measure the inter-rater agreement, and the kappa value is 0.72 (measured at the end of Phase II), implying a high level of agreement.
• Phase III: A1 and A2 discuss the coding results obtained in Phase II to revolve any disagreement until a consensus is reached. No new categories are added during this discussion. We also compare if there is a statistically significant difference in the categories of hidden and displayed comments using Wilcoxon signed-rank test and Cliff's delta test.
Results: More than half of the comments are informative in both hidden and displayed comments. Except for category praise and irrelevant, we consider the comments of other categories (i.e., advantage, improvement, weakness, inquiry, and addition) as informative. Note that we consider the category praise as redundant for up-voting answers, thus we do not considered such comments as informative. The category irrelevant also does not add any direct value to the question answering process.
The distribution of comment categories advantage, weakness, inquiry and addition are very similar between hidden and displayed comments. The top category is addition in both hidden and displayed comments. In this category, users provide additional information to the associated answers of the comment. Namely, by providing an alternative answer to a question, adding an example, adding an explanation, or adding a reference. An example of an informative comment is shown in Fig. 1 , in which a user pointed out that the node-inspector did not work any more in the latest Node.js version (category weakness), he also provides an alternative in the same comment (category addition).
There is no statistically significant difference between hidden and displayed comments in terms of the distribution of comment categories. Fig. 5 shows the distribution of comment categories for both hidden and displayed comments. The result of the Wilcoxon signed-rank test shows the differences between hidden and displayed comments are insignificant (i.e., p-value > 0.05). The result of Cliff's delta test is negligible (i.e., 0.14). The comparison of the proportion of informative comments in both hidden and displayed comments is shown in Table 3 . The studied hidden comments share similar information (in terms of the comment categories) compared to displayed comments. That being said, hidden comments are as informative as displayed comments for the associated answers. We also note that commenters with higher reputation points are more likely to post more informative comments. In the studied hidden comments, the median reputation points of these commenters are 595.5 and 457.5 for the informative and uninformative comments respectively. In the studied displayed comments, the median reputation points of these commenters are 677 and 364 for the informative and uninformative comments respectively. 
STUDYING THE EFFICACY OF THE COMMENT HID-ING MECHANISM
In Section 4, we discover that the majority of the hidden comments are at least as informative as the displayed comments. Thus, although the comment hiding mechanism has been designed to hide uninformative comments, many informative comments are also hidden. In addition, developers commonly make use of web search engines, such as Google, to locate online resources to improve their productivity [17] . However, Google does not index such a large number of hidden comments instead it only indexes the displayed comments, which prevents users from accessing the information in these hidden comments from search engines. Therefore, we focus on studying the current comment hiding mechanism, that is, the principle that determines whether a comment should be hidden or displayed. By investigating the efficacy of the current comment hiding mechanism, we wish to offer deeper insights into enhancing the Stack Overflow commenting system, so that users can more conveniently and effectively perceive informative discussions through comments.
RQ3: How effective is the comment hiding mechanism?
Motivation: Stack Overflow's current comment hiding mechanism aims at displaying comments with higher scores while hiding ones with lower scores. The assumption is that comments with higher scores are more informative than the ones with lower scores. However, in Section 4 we find that hidden comments are as informative as displayed comments, which suggests that the current comment hiding mechanism is not working as expected. Therefore, it is important to investigate the reason behind this. During our manual study, we also notice that this comment hiding mechanism may not work well if comments do not have a hierarchy of different scores. For example, if many comments do not get any up-vote (i.e., their scores are 0), apparently, the current comment hiding mechanism would not work in such a scenario. More generally, as long as comments have the same score, the comments would not be ranked nor displayed based on their scores (i.e., tiescored comments). As an example, in an answer 17 , there are 12 comments with only 1 comment with a non-zero score (i.e., 1) as shown in Fig. 6 . In such cases, the displayed comments may not be more informative than the hidden comments.
In order to study the efficacy of the comment hiding mechanism, in this RQ, we investigate how comments are actually ranked and therefore displayed. Approach: Intuitively, an uninformative comment (i.e., category Praise and Irrelevant) should be hidden by the comment hiding mechanism so that another informative comment (such as category Improvement and Weakness) could be displayed under the same answer. The comment hiding mechanism is designed for this purpose, i.e., re-arrangement of comments based on their scores. To evaluate the efficacy of the comment hiding mechanism in action, we first characterize the comment scores and analyze how they affect the comment hiding mechanism, since the current comment hiding mechanism is designed based on the comment score.
More specially, we investigate how the tie-scored comments impact the comment hiding mechanism. For this purpose, we make the following definitions. We define that 17 . https://stackoverflow.com/a/45446651 a comment is unfairly hidden when it is hidden not because it has a lower score than another comment, but because it is posted later than another displayed comment with the same score (i.e., unfairly hidden comments). In other words, an unfairly hidden comment is hidden because of its later creation time instead of its lower score (note that all such unfairly hidden cases only happen in tie-scored comments based our definition). We show an example of unfairly hidden comments and unfair comments set in Fig. 7 . Currently, an unfairly hidden comment occurs in the following situation: for all comments of an answer sorted by score, the score of the sixth comment (i.e., a hidden comment) is equal to the score of the fifth comment (i.e., a displayed comment). In this situation, the fifth comment does not need to compete with the sixth comment to be displayed by the user interface, it gains its position (as a displayed comment) because it is created earlier. Furthermore, we define a set of comments under an answer as an unfair comments set, if there are some hidden and displayed comments that have the same score (e.g., a comment with a score of 0 is hidden but another comment with a score of 0 is displayed, see Fig. 7 ). We conduct a quantitative study to find out how many answers have unfairly hidden comments. If there were a large proportion of such unfair comments set, it may indicate that the current comment hiding mechanism is not working as expected.
Besides the above-mentioned aspects related to comment score, we calculate the proportion of Answer hidden in which their comments are actually ordered and displayed by their creation time (i.e., the comment ordering mechanism has no effect). By investigating these characteristics, we wish to understand the impact of comment scores and creation times on the current comment hiding mechanism.
Results: Due to the widespread existence of tie-scored comments, unfairly hidden comments exist in 97.3% (i.e., 1,268,416 out of 1,303,501) of the Answer hidden . Currently, the comment hiding mechanism fails to consider tie-scored comments, leading to new comments being hidden while old comments with the same score being displayed in almost all Answer hidden (i.e., resulting in the stagnation of displaying new comments). Even more, unfairly hidden comments sets have 4,105,956 hidden comments. In other words, 92.9% of all the 4,418,563 hidden comments are actually unfairly hidden (i.e., they are hidden not because of the score or content but the time they are posted). To illustrate the issue, in the same example shown in Fig. 6, only 1 comment has a score of 1 while the other 11 comments have a score of 0; therefore, 4 of the 0-score comments are displayed simply because they were created earlier than the other 7 comments with 0-score. Therefore, any new comment, even if they are informative, will be automatically hidden. The lack of visibility makes unfairly hidden comments less likely to get any up-voting, and thus are even more likely to remain hidden.
944,950 (i.e., 72.5%) of Answer hidden have unfairly hidden comments with a score of 0. More than half (i.e., 56.5%) of Answer hidden have all of their comments with the same score of 0. In other words, as an upper bound estimation, the comment hiding mechanism surprisingly only works as expected at most for 43.5% of Answer hidden . Moreover, even in such 43.5% cases, it is not guaranteed that every single comment is ranked based on the score since perhaps only a portion of comments have a score greater than 0. For example, in Fig. 6 , the answer has 12 comments, and only one of them has a score greater than 0 while the remaining of comments have a score of 0. In this example, the remaining 11 comments are not ranked based on their score anymore. We notice that 87.7% of all the comments under all answers have a score of 0. One possible reason for such a large number of comments that do not have any up-voting is as Calefato et al. mentioned in their previous study, comments are considered as a "free zone" for users since comments do not generate any reputation point [18] . Thus, users may not be motivated to up-vote comments.
Comments are ranked based on their creation time if their scores are the same. Given the fact that most of Answer hidden have all of their associated comments with the same score, we wish to determine how many Answer hidden have their associated comments actually ordered by the comment creation time.
In 79.4% of Answer hidden , comments are ranked and displayed by the order of their creation time. In these answers, the result of the comment hiding mechanism is equivalent to a queue of comments that are sorted by the creation time of their comments. Namely, only the first 5 oldest comments are displayed, and any newer comment will be hidden. In other words, the current comment hiding mechanism gives priority to older comments -promoting stagnation of comments. As we explained before, one possible reason that a large proportion of Answer hidden are actually displayed based on their creation time is the widespread existence of 0-score comments.
Another possible explanation is that older comments tend to get higher scores. Note that the comment age is defined as the time interval between the creation of the comment and its associated answer. Among the 303,035 Answer hidden that have at least 2 comments whose scores are >= 1, 187,714 (i.e., 61.9%) have a negative correlation, and 65,205 (21.5%) have at least a moderate negative correlation (correlation < -0.5) [19] between comment age and score. Among the 46,935 Answer hidden that have at least 5 comments whose scores are >= 1, 36,655 (i.e., 78.1%) have a negative correlation, and 15,525 (i.e., 33.1%) have at least a moderate negative correlation (correlation < -0.5) between comment age and score. Therefore, older comments are more likely to get higher scores.
The current comment hiding mechanism does not work effectively. If an answer has hidden comments, it is highly likely (97.3%) that it has unfairly hidden comments. The current mechanism fails to consider the widespread of comments with tie-score, especially 0-score, and gives a higher priority to displaying older comments.
RQ4: What are the characteristics of unfairly hidden comments?
Motivation: In Section 5.1, by examining the age of commentd, their score, and their correlation, we find that, in most cases, the current comment hiding mechanism actually fails to rank and display comments based on their scores. The current mechanism does not consider tie-scored comments (i.e., comments that have the same score). For example, during our manual study in Section 5.2, we observe that some unfairly displayed comments are very short and uninformative (e.g., expressing praise) while some unfairly hidden comments are informative. In order to improve the current comment hiding mechanism, we investigate the characteristics of displayed and hidden comments in the unfair comments set. By understanding this, we can provide insightful suggestions for improving the current comment hiding mechanism for Stack Overflow.
Approach:
We first investigate the length of unfairly displayed comments as a baseline metric to measure how informative they are. If some unfairly comments are very short, it is highly likely that they are uninformative. Furthermore, we investigate the informativeness of the shortest unfairly displayed comment compared with the longest unfairly hidden comment in the same unfair comments set. The reason that we conduct such comparison is because we probably could provide insights into improving the comment hiding mechanism. For example, one simple solution is to replace the shortest unfairly displayed comment with the longest unfairly hidden comment if we can show that the longest unfairly hidden comment is more likely to be informative than the shortest unfairly displayed comment in the same unfair comments set. To do so, we randomly select 384 sets of comments in the unfair comments sets, with at least 1 unfairly displayed comment with length < 50 and 1 unfairly hidden comment with length >= 50 to achieve a significance level of 95% and a significance interval of 5%. We manually label the comment category using the same qualitative approach in Section 4.1, for both the shortest unfairly displayed comment and the longest unfairly hidden comment in each sampled set of comments. The Cohen's Kappa value is 0.81 before discussion.
We then perform a qualitative analysis to investigate the comment categories (see Table 2 ) of each unfairly hidden and unfairly displayed comment pair to see if an unfairly hidden comment would be more informative than the corresponding unfairly displayed comment under the same answer. In around half (i.e., 46.6%) of the answers that have unfairly hidden comments, the shortest unfairly displayed comments have a length that is less than 50 characters. Fig. 8 shows the distribution of answers that have unfairly displayed comments against different ranges of the length of the shortest comment under the same answers. Through our observation, we find that short comments are usually not informative. For example, a short comment saying "of course ... that's obvious" 18 does not add any information to the associated answer.
Results:
Number of answers More specifically, in answers that have unfairly hidden comments with the shortest unfairly displayed comments being less than 50 characters (L DisplayedM in ), we pick the longest unfairly hidden comment (L HiddenM ax ) in the same unfair comments set, and calculate the length ratio as Ratio unf air = L HiddenM ax /L DisplayedM in . The distribution of Ratio unf air is shown in Fig. 9 . In 63.4% of such cases, the length of the longest unfairly hidden comment is at least 5 times as long as the length of the shortest unfairly displayed comment. Such a high ratio between the longest unfairly hidden comment and the shortest unfairly displayed comment of the same answers may indicate that the longest unfairly hidden comment is more informative than the shortest one. In cases where the shortest unfairly displayed comment has fewer than 50 characters in the unfairly hidden 18 . https://stackoverflow.com/posts/comments/56897172 comments set, the longest unfairly hidden comment is more likely to be informative than the shortest unfairly displayed comment. As shown in Fig. 10 , in the unfairly hidden comments, only 15.9% of comments are related to irrelevant information and praise, while in unfairly displayed comments 51.3% are related to irrelevant information and praise. As a result, Stack Overflow could replace such short displayed comments with another long hidden comment from the unfair comments set. P r a is e A d v a n t a g e I m p r o v e m e n t W e a k n e s s I n q u ir y A d d it io n I r r e le v a n t Longest unfairly hidden Shortest unfairly displayed Fig. 10 : The distribution of the categories of comments in both the shortest unfairly displayed and the longest unfairly hidden comments.
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Discussion:
As an exploratory experiment, we inspect how the comment hiding mechanism impacts certain informative observations in comments, such as answer obsolescence [1] , security vulnerability, and error message. An example of such a comment 19 says "works awesome, the only thing that i had to change was the onAttach of the fragment, since it has been deprecated". This comment pointed out that the onAttach() function of the Android Fragment class is deprecated; however, this comment is hidden by the comment hiding mechanism while none of the currently displayed comments bring up this deprecation issue. This motivates us to search among all Answer hidden for comments that mention the word "obsolete" or "outdate", and we find that in such 6,523 comments of answer obsolescence observations, 42.5% are actually hidden. Furthermore, 85.5% (i.e., 2,370) of the 2,771 hidden comments of answer obsolescence observations are actually unfairly hidden by the comment hiding mechanism. Since software obsolescence are more likely to happen over time, the observation of answer obsolescence tends to happen in newer comments instead of older ones. In Section 5.1, we find that in the majority of Answer hidden , comments are ranked and displayed by their creation time. Therefore, the current comment hiding mechanism is much more likely to hide comments that observe answer obsolescence. If these unfairly hidden observations of answer obsolescence could have been replaced by other unfairly displayed comments, users would be more aware of the answer obsolescence issue on Stack Overflow.
In addition, we find similar trends from other informative observations in comments. For example, among comments mentioning the word "vulnerable" (i.e., 1,603), 38.9% are hidden. Among comments mentioning the word "error" (i.e., 566,756), 36.7% are also hidden.
Among all of the above-mentioned observations that are related to answer obsolescence, security vulnerability, or error message, a significant proportion of such observations are buried in hidden comments. Our finding suggests that the comment hiding mechanism does not facilitate users in finding these obvious flaws in answers. Note that in Section 5.1, we find that the comment hiding mechanism only applies to less than half of Answer hidden in the bestcase scenario while in the remaining of Answer hidden all comments (due to all of them having a 0-score) are simply ranked and displayed by time. Therefore, the comment hiding mechanism may bury other informative observations as well.
In the unfair comments set, the longest unfairly hidden comment is more likely to be informative than the shortest unfairly displayed comment, especially if the shortest unfairly displayed comment has fewer than 50 characters. As a solution to improve the comment hiding mechanism, Stack Overflow can swap these pairs of comments.
DISCUSSION
Stack Overflow should improve their current comment hiding mechanism by considering the tie-scored comment cases. The comment hiding mechanism is unable to prioritize any comment among tie-scored comments. Therefore, these comments could simply be ranked by their creation time, and any new comment other than the oldest 5 can be hidden. Older comments are more likely to be displayed and get attention (e.g., have a higher score), while newer comments are more likely to be hidden. The observation exhibits the Matthew effect: the rich get richer and the poor get poorer [20] . One possible approach to alleviate the issue from the comment hiding mechanism is to replace shorter displayed comments with longer hidden ones. Another possibility is to randomly display comments in the unfair comments set. Other algorithms focusing on sorting tiescored unfair comments set can be exploited to effectively hide noisy comments while still retaining informative comments 20 . Stack Overflow can also allow for the down-voting of comments to break the tie-score. This effort can continue to improve the overall quality of knowledge sharing on Stack Overflow.
Another possible solution is to develop an automated classifier to identify informative comments from uninformative comments in the unfair comments set. Although Stack Overflow allow users to up-vote comments, and comments with a higher score are more likely to be among the top 5 thus displayed, the current comment hiding mechanism does not effectively reinforce its goal. By using this automated approach, the mechanism could be optimized without massive effort of manual labeling by users. It could also assist users in flagging comments (i.e., as a way of bringing inappropriate content to the attention of the community 21 , 20 . https://meta.stackexchange.com/q/204402 21. https://stackoverflow.com/help/privileges/flag-posts such as labeling unfriendly or unkind comments). Moderators process approximately 1500 flags per day 22 . The classifier could indicate whether a comment is informative from the flagged comments, so he/she can efficiently determine noisy comments for removal and informative comments to keep.
Users are encouraged to read through all comments (including hidden comments) in case any further corrections are made in such comments, such as observations of answer obsolescence, security vulnerability, and error message. The value of Stack Overflow answers can change over time even when these answerers have not yet noticed the change. Therefore, comments provide another channel to notify a wider audience on Stack Overflow about any change to the existing answer. Especially in highly attractive answers, many comments are hidden without taking into account whether they are informative observations to answers. To prevent using an obsolete solution, an insecure code snippet, or a running error, users are encouraged to read through all comments under an answer before attempting to solve their issues based on the answer, especially more recent ones because they are more likely to be hidden.
THREATS TO VALIDITY
External validity: Threats to external validity are related to the generalization from our study. In this study, we focus on the comment hiding mechanism of Stack Overflow, which is the most popular technical Q&A sites in the world. However, our findings and suggestions may not generalize well to other Q&A sites (especially, other sites under Stack Exchange that have the same question, answer, comment layout). Future studies could focus on other Q&A sites since some of these sites (such as Super User, Server Fault, and Ask Ubuntu) contribute significantly to knowledge sharing in their specific domains.
We conduct two qualitative studies in our case study, the first of which investigates what users discuss in both hidden and displayed comments, and the second one explores whether longer unfairly hidden comments are more informative than shorter unfairly displayed comments. Since it is impossible for us to manually study all comments in this study, we attempt to minimize the bias by selecting a statistically representative samples of comments with a 95% confidence level and a 5% confidence interval. Internal validity: Threats to internal validity are related to experimental errors. Comment categories are determined by the authors of this study, and later on the informative comment categories are evaluated by the same authors. To reduce the bias of this process, each comment is labeled by two of the authors and discrepancies are discussed until a consensus. We provide the level of the inter-rater agreement in our qualitative analysis, and the values of the agreement are high (i.e., 0.72 and 0.81) in both qualitative studies.
RELATED WORK
Leveraging user's feedback in Software Engineering
To improve the quality of software systems, the software engineering community has proposed many approaches to 22 . https://meta.stackexchange.com/a/166628 leverage user's feedback. Since the feedback is based on first-hand experience from end-users, valuable insights can be mined to help developers identify patterns from issues and bugs. Khalid et al. studied user reviews from iOS apps and analyzed how user complaints, such as functional errors and app crashes, negatively affect app ratings in the Apple iOS App Store [21] . Hassan et al. analyzed negative app reviews due to app updates in the Google Play Store, and found that updates with feature removal and user interface issues lead to the highest increase of negative reviews ratio [22] . Mudambi et al. studied customer reviews on Amazon.com and identified the value of review extremity, review depth, and product type in helping customers make purchasing decisions [23] . Poché et al. found that around 30% of user comments on YouTube videos for coding tutorials are useful to the original videos, and implemented an automated approach to identify useful comments for video creators [3] . Lin et al. studied reviews on the Steam gaming platform, and found that players complain more about game design than software bugs [24] .
Similar to previous studies that leverage user feedback in improving existing software artifacts, our study of comments under Stack Overflow answers investigates how comments add value to their associated answers. Furthermore, we examine whether informative comments are effectively presented using the current comment hiding mechanism.
Improving the quality of knowledge sharing on Stack Overflow
It is essential to deeply understand the knowledge sharing process on Stack Overflow, so that potential improvement can be made to benefit the Stack Overflow community. Wang et al. investigated how users interact with each other on Stack Overflow, and analyzed behaviors of both answer seekers and answerers to better understand how knowledge is formed to benefit individual users [25] . Vasilescu et al. studied how users migrate questions from the R user support mailing list (r-help) to crowdsourced knowledge sharing platforms (i.e., Stack Overflow and Cross Validated) [26] and found that users can get faster answers on crowdsourced sites than on specialized mailing lists. Wang et al. analyzed how users revise answers on Stack Overflow under the current badge gamification system [27] and provide some suggestions to improve their revising system. Ponzanelli et al. proposed an approach to identify low quality questions on Stack Overflow [28] . Srba et al. evaluated how low-quality content created by undesired groups of users on Stack Overflow negatively impacts the community, and proposed ways to solve the problems [29] . In order to help users to find the right channel to ask questions, several approaches were developed to help users generate tags automatically when they post questions [30] , [31] .
Our study also aims at improving the quality of content on Stack Overflow since informative comments under answers can add value to the knowledge sharing process. Different from prior studies that only focus on questions and answers on Stack Overflow, we focus on comments. We evaluate the efficacy of the comment hiding mechanism and provide actionable suggestions to help Stack Overflow improve the commenting system.
Leveraging Comments on Stack Overflow
Although prior studies of the Stack Overflow ecosystem mainly focus on questions and answers, some studies have taken comments into account. For example, in predicting the long-term value of question threads, Anderson et al. found that the number of comments in answers have significant predictive power [32] . Similarly, Tian et al. found that answers with more comments are more likely to be accepted [33] . Asaduzzaman et al. analyzed both questions and their comments to find out why questions were unanswered [34] . They observed that users may post actual solutions in comments associated with these unanswered questions. Calefato et al. analyzed the sentiment of comments in their study of answer acceptance [18] . They found that the sentiment of comments significantly impacts the chance of answer acceptance. Dalip et al. observed that comment can provide additional information to improve the associated posts [35] . In addition, they found that commenting is useful for measuring the engagement of users in an answer, and this engagement improves the rating of answers. Chang et al. proposed a question routing framework to recommend answerers and commenters to a question [4] . They observed the importance of commenting in further clarifications and the improvement of the quality of an answer. Zhang et al. leveraged comments to identify obsolete answers on Stack Overflow, and found that most observations of answer obsolescence in comments are supported with evidence [1] .
The above-mentioned studies extracted heuristic-based features from comments and observed the importance of commenting in the Stack Overflow ecosystem; however, no prior study has specifically investigated and characterized the phenomenon of commenting itself. In our current study, we study the informativeness of comments and the effectiveness of the current comment hiding mechanism. We wish to offer insights for users to better use Stack Overflow, and provide actionable suggestions for Stack Overflow engineers to enhance the current commenting system.
CONCLUSION
Stack Overflow uses a comment hiding mechanism where at most 5 comments are displayed under each answer. The goal of this mechanism is to improve the compactness of answer threads while retaining the informative comments to facilitate the knowledge sharing process. 40.5% of comments are hidden by the comment hiding mechanism in these answers with hidden comments.
In this study, we analyzed 1.3 million answers that have hidden comments to understand how the comment hiding mechanism classifies comments to display and hide. We found that more than half of hidden and displayed comments are informative. In addition, hidden comments are as informative as displayed comments, and these hidden comments even add a greater variety of informative content than displayed comments to their associated answers.
Furthermore, we evaluated the efficacy of the comment hiding mechanism and found that it fails to display informative comments. Comments are unfairly hidden due to the existence of tie-scored comments (especially 0-score comments). Finally, we provide a discussion on possible solutions to improve the comment hiding mechanism, such as replacing a longer unfairly hidden comment with a shorter unfairly displayed comment.
